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Abstract

Background A new definition of metabolically healthy obesity (MHO) has recently been proposed to stratify the
heterogeneous mortality risk of obesity. Metabolomic profiling provides clues to metabolic alterations beyond clinical
definition. We aimed to evaluate the association between MHO and cardiovascular events and assess its metabolomic
pattern.

Methods This prospective study included Europeans from two population-based studies, the FLEMENGHO and

the Hortega study. A total of 2339 participants with follow-up were analyzed, including 2218 with metabolomic
profiling. Metabolic health was developed from the third National Health and Nutrition Examination Survey and

the UK biobank cohorts and defined as systolic blood pressure < 130 mmHg, no antihypertensive drugs, waist-to-

hip ratio < 0.95 for women or 1.03 for men, and the absence of diabetes. BMI categories included normal weight,
overweight, and obesity (BMI< 25, 25-30, = 30 kg/m?). Participants were classified into six subgroups according to BMI
category and metabolic healthy status. Outcomes were fatal and nonfatal composited cardiovascular events.

Results Of 2339 participants, the mean age was 51 years, 1161 (49.6%) were women, 434 (18.6%) had obesity, 117
(5.0%) were classified as MHO, and both cohorts had similar characteristics. Over a median of 9.2-year (3.7-13.0)
follow-up, 245 cardiovascular events occurred. Compared to those with metabolically healthy normal weight,
individuals with metabolic unhealthy status had a higher risk of cardiovascular events, regardless of BMI category
(adjusted HR: 3.30 [95% Cl: 1.73-6.28] for normal weight, 2.50 [95% Cl: 1.34-4.66] for overweight, and 3.42 [95% Cl:
1.81-6.44] for obesity), whereas those with MHO were not at increased risk of cardiovascular events (HR: 1.11 [95%
Cl: 0.36-3.45]). Factor analysis identified a metabolomic factor mainly associated with glucose regulation, which was
associated with cardiovascular events (HR: 1.22 [95% Cl: 1.10-1.36]). Individuals with MHO tended to present a higher
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metabolomic factor score than those with metabolically healthy normal weight (0.175 vs.-0.057, P=0.019), and the
score was comparable to metabolically unhealthy obesity (0.175 vs.-0.080, P=0.91).

Conclusions Individuals with MHO may not present higher short-term cardiovascular risk but tend to have a
metabolomic pattern associated with higher cardiovascular risk, emphasizing a need for early intervention.

Keywords Cardiovascular risk, Diabetes, Obesity, Metabolically healthy obesity, Metabolomics

Introduction

Obesity is closely associated with cardiometabolic dis-
orders. However, people with obesity are at heteroge-
neous risk of cardiometabolic diseases. Metabolically
healthy obesity (MHO) refers to the concept of obesity
without cardiometabolic disorders [1]. It is still a sub-
ject of debate whether individuals with MHO are truly at
equivalent cardiovascular risk compared to metabolically
healthy normal weight. The inconsistent evidence can
be partially attributed to a lack of consensus on meta-
bolic health that causes 30 varying definitions applied
in previous studies [2]. Although previous standards
of MHO are mainly based on the absence of metabolic
syndromes, the criteria and cutoff values used varied
considerably [2]. A large prospective study on the third
National Health and Nutrition Examination Survey and
the UK biobank cohort systematically evaluated various
metabolic risk factors and proposed a new definition of
metabolic health derived from mortality risk [3]. This
new definition based on systolic blood pressure, use of
antihypertensives, waist-to-hip ratio, and self-reported
diabetes could stratify mortality risk for individuals with
and without obesity [3]. Furthermore, metabolic health
status evolved over time for most people, including indi-
viduals with normal weight [4, 5]. One-time classifica-
tion might be inadequate, whereas complicated criteria
might burden the dynamic evaluations. Therefore, this
simple definition may be more feasible in clinical con-
texts. It is unclear, however, whether the new definition
can be generalized to cardiovascular events in the general
population.

Comprehensive metabolomic profiling may provide
molecular pathophysiological insight into the heteroge-
neity of obesity. Previous cross-sectional metabolomics
studies have reported clusters of metabolites associated
with MHO [6-9]. Nonetheless, simultaneous investiga-
tion of the association between obese phenotypes, car-
diovascular events, and a large scale of metabolites could
further underpin the metabolic pathways significant to
obesity. Therefore, our primary hypothesis was that cir-
culating metabolites associated with cardiovascular risk
would identify subtle metabolism disorders for individu-
als with MHO, prior to evident cardiovascular risk. We
first studied the cardiovascular risk for individuals with
MHO to examine whether the new definition can be gen-
eralized for risk stratification of cardiovascular events in

2339 Europeans. Subsequently, with metabolomic profil-
ing in 2218 participants, we identified metabolites dis-
tinct between different phenotypes classified by the new
definition and assessed its association with cardiovascu-
lar events.

Methods

This study was designed as prospective multicenter study.
Study participants were from two prospective popula-
tion-based studies, the Flemish Study on Environment,
Genes and Health Outcomes (FLEMENGHO) study and
the Hortega Study. The FLEMENGHO study and the
Hortega study were approved by the Institutional Review
Board at the University of Leuven and the University
Hospital Rio Hortega (UHRH), respectively. All partici-
pants provided written informed consent. This study fol-
lowed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline
for cohort studies.

Study participants

The FLEMENGHO study enrolled participants from
the Flemish region in Belgium from 1985 to 2004 with
repetitive follow-ups. From 2005 to 2010, 1331 partici-
pants from the FLEMENGHO study provided plasma
samples for metabolomic profiling, and all of them were
followed up. The Hortega Study is a prospective study
that sought to investigate traditional and non-traditional
risk factors for chronic diseases in adult beneficiaries
from the public health system of UHRH in Spain. Study
protocols, inclusion criterions, and baseline characteris-
tics were described elsewhere [10, 11]. Between 2001 and
2003, 1502 individuals from the Hortega Study under-
went baseline examinations [11]. Participants from the
Hortega study were excluded due to the missing informa-
tion on body mass index (BMI, n=58), waist-to-hip ratio
(n=57), blood glucose (n=180), prevalent cardiovascu-
lar event (n=112), and loses to follow-up (n=87). Thus,
1008 participants from the Hortega study were included,
with subset of 887 having available metabolomic data.
Overall, the investigation on the association of metabolic
phenotypes with cardiovascular events including both
cohorts was performed on a total of 2339 participants,
and the metabolomic analysis was conducted in 2218
participants.
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Classifications of metabolic health and obesity

Metabolic health was defined by the new definition as
systolic blood pressure<130 mmHg, no antihyperten-
sive drugs, waist-to-hip ratio<0.95 for women or 1.03
for men, and the absence of diabetes [3]. Meanwhile,
as a comparison, metabolic health was defined by the
absence of metabolic syndrome (MetS) according to the
2009 Joint Interim Statement [12]. With the MetS defi-
nition, participants were considered metabolic healthy
if having<2 of the following disorders: systolic/diastolic
blood pressure>130/85 mmHg or use of antihyperten-
sive medication; triglyceride level>1.70 mmol/L or use
of lipid-lowering medication; high-density lipoprotein
cholesterol level<1l mmol/L in men or <1.30 mmol/L
in women; and fasting glucose level>5.60 mmol/L or
non-fasting blood glucose>7.80 mmol/L or history of
diabetes; waist circumference>94 cm in men or >80 cm
in women. BMI categories included normal weight
(BMI<25 kg/m?), overweight (25<BMI<30 kg/m?), and
obesity (>30 kg/m?). Participants were classified into six
subgroups by their metabolic health status and BMI cat-
egories: metabolically healthy normal weight, metaboli-
cally healthy overweight, MHO, metabolically unhealthy
normal weight, metabolically unhealthy overweight, and
metabolically unhealthy obesity.

Metabolomic profiling

The venous blood samples were obtained from the FLE-
MENGHO study after at least 8 h of fasting. Metabo-
lomic data from the Hortega study was corrected by
fasting hours and last triglyceride levels before sampling
to adjust for the effect of diets. Metabolic profiling was
performed with H1 nuclear magnetic resonance (NMR)
spectrometry at the INCLIVA Molecular and Metabo-
lomics Image Lab, Valencia, Spain [13]. Sample prepa-
ration and detailed methods were previously described
and provided in the supplementary method [14]. Briefly,
1 H NMR spectra was acquired by Bruker Avance 600
spectrometer operating at 600.13 MHz with a 5-mm
1 H/13 C/15 N TXI probe. Resonances in spectral regions
were assigned according to the Human Metabolome
Database and selected two-dimensional NMR spectra
[15]. The metabolite relative abundances were calculated
by spectral region area integration and normalized to
the total aliphatic spectral area. Topspin 3 1.3 (Bruker
Biospin GmbH, Karlsruhe, Germany) and MATLAB®
(MathWorks Inc., version 4 2013a) were used for spectra
processing and analysis. NMR spectroscopy is a high-
throughput, quantitative technique to measure multiple
metabolites simultaneously, and it shows an advantage
in profiling metabolites that are not fully investigated
but potentially related to the outcomes of interest [16,
17]. The crowded spectra produced by NMR spectrom-
etry with a fast speed may not be always deconvoluted

Page 3 of 11

into single metabolites because magnetically equiva-
lent hydrogen atom that produces a characteristic sig-
nal in a region can be found in several metabolites [16,
18]. Therefore, two metabolites were jointly reported as
composite metabolites when their peaks contributed
to a relevant spectral region. Nonetheless, NMR-mea-
sured metabolomics is noteworthy and can provide new
insights into disease mechanisms, and given the cost-
effectiveness of NMR, it is suitable for large epidemio-
logical investigations [19]. The reproducibility of NMR
spectrometry was routinely examined, and the variation
was less than 5%.

Assessments of Cardiovascular Outcomes

Primary outcomes consisted of fatal and nonfatal car-
diovascular events. cardiovascular event was defined as
myocardial infarction, acute coronary syndrome, new-
onset angina pectoris, ischemic cardiomyopathy, coro-
nary revascularization, heart failure, new-onset atrial
fibrillation, life-threatening arrhythmias, pulmonary
heart disease, sudden death, aortic aneurysm, periph-
eral artery disease, peripheral artery revascularization,
stroke, and transient ischemic attack. Individuals from
the FLEMENGHO study and the Hortega study were fol-
lowed up until December 31, 2016, and November 30,
2015, respectively. Incident cardiovascular events were
adjudicated from several information sources including
study visits (the Hortega study) and/or telephone call
(the FLEMENGHO study), hospital discharge lists, medi-
cal records, and death certificates [10, 11]. The incident
cardiovascular events were adjudicated using the ICD-10
(I120-125, 148-150, 163, 171.4, 173.9, 798.61).

Other measurements

BMI, waist circumference, and hip circumference were
measured using standard protocols. Blood pressure was
calculated as the mean of five consecutive auscultatory
readings with a mercury sphygmomanometer. Hyper-
tension was defined as an office blood pressure of >140
mmHg (systolic) or 290 mmHg (diastolic), or the use of
antihypertensive drugs. Diabetes mellitus was defined as
fasting blood glucose of 27.00 mmol/L or random blood
glucose=11.1 mmol/L or treatment with antidiabetic
drugs in the FLEMENGHO study. The Hortega study
defined diabetes as fasting blood glucose>7.00 mmol/L
or HbA1c>6.5% or a diabetes history or with antidiabetic
drugs. Biochemistry test included total cholesterol, low-
density lipoprotein cholesterol, high-density lipoprotein
cholesterol, triglyceride, blood glucose, and serum creati-
nine by using automated methods in certified laborato-
ries [11, 20].
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Statistical analyses

Statistical significance was a two-sided P value of 0.05.
Data analyses were performed with SAS software, version
9.4 (SAS Institute) or Python, version 3.9. Categorical
variables were reported as frequencies with percentages
and continuous variables were reported as means with
standard deviations (SDs) or medians with interquar-
tile ranges (IQRs). Baseline characteristics were com-
pared using Chi-squared test for categorical variables, t
test or Wilcoxon rank sum test for continuous variables
as appropriate. Cox proportional regression models
were used to examine the association of baseline meta-
bolic health phenotypes with cardiovascular outcomes.
Covariates used in the Cox regression analysis included
sex, age, total physical activity, smoking, and alcohol
consumption at baseline. When merging two cohorts,
the cohort indicator and the interaction term of cohorts
were additionally included in preliminary analysis. Since
the interaction term was not statistically significant, sub-
sequent analysis did adjust for a cohort indicator but did
not include the interaction term. Sensitivity analyses of
the association between metabolic health phenotypes
and cardiovascular events were performed after exclud-
ing individuals with underweight (BMI<18.5 kg/m?)
and severe obesity (BMI>40 kg/m?) or on lipid-lowering
medications.

The metabolomic characterization was explored in the
following steps. First, the metabolite data were normal-
ized and scaled by subtracting the mean of each metab-
olite and dividing by its standard deviation, and each
metabolite would have a mean of zero and a standard
deviation of one. This transformation was performed
within each cohort due to the batch effect and the poten-
tial influence caused by cohort characteristics. After
this data conversion, the metabolites data from the two
cohorts were merged into a whole dataset. The trans-
formed data were visualized by histogram plots (Figures
S1-3 in the supplementary material). Second, the levels of
44 metabolites in the whole dataset at baseline were com-
pared between six metabolic subgroups. After scaling and
normalization, the metabolites were normally distributed
in the whole dataset, as shown in Figures S1-3 in the
supplementary material. When performing the group-
wise comparison, these metabolites did not always statis-
tically fit the normal distribution in each subgroup and
consistently pass the normality test required for paramet-
ric tests. Therefore, the Kruskal-Wallis test was used to
obtain more robust results. Metabolites were considered
significant if their P values was less than 0.05 after the
Bonferroni correction. Next, the significant metabolites
were combined by using factor analysis. Exploratory fac-
tor analysis was used to uncover the underlying structure
of significant metabolites correlated with each other [21].
Exploratory factor analysis reduced the data dimensions
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by identifying fewer latent factors that can explain the
variation in significant metabolites. The Kaiser-Meyer-
Olkin (KMO) test was performed to determine whether
the data was suitable for factor analysis. Factors with an
eigenvalue greater than 2 were retained. The strength of
the correlation between the identified factors and metab-
olites can be interpreted by standardized factor loadings.
A factor loading was in the range of zero to one, and a
loading close to one indicates a strong correlation. Sub-
sequently, the association between constructed factors,
major relevant metabolites, and cardiovascular events
were evaluated by multivariate Cox regression models
with adjustment of covariates and the cohort indica-
tor. Same as before, since the interaction coefficient by
cohort was not statistically significant, we only retained
the main effect cohort adjustment in subsequent analysis.
The level of cardiovascular events-associated factors was
compared across six metabolic subgroups.

Results

Participant characteristics

Of 2339 participants, the mean (SD) age of participants
was 51.2 (16.9) years and 1161 (49.6%) were women. BMI
was 26.4 (4.4) kg/m? and 434 (18.6%) participants had
obesity. According to the new definition, 117 (5.0%) par-
ticipants with obesity were metabolically healthy and 317
(13.6%) were metabolically unhealthy. With the Mets-
based definition, 251 (10.7%) had MHO and 183 (7.8%)
had metabolically unhealthy obesity. Baseline character-
istics of participants in subgroups classified by the new
definition are shown in Table 1. As expected, compared
with individuals with metabolically unhealthy obesity,
participants with MHO tended to be younger and were
less likely to have history of cardiovascular disease, diabe-
tes, hypertension, receive antihypertensive and lipid-low-
ering agents, and tended to have lower blood pressure,
waist circumference, and blood glucose (P<0.002). Few
participants classified as metabolically healthy, such as
MHO, were diagnosed with hypertension due to dia-
stolic blood pressure of 290 mmHg. Physical activities
in individuals with MHO were higher, even though not
reaching significance. Most characteristics from the FLE-
MENGHO and the Hortega study were similar, such as
age (51.1 vs. 51.3 years) and female percentage (50.3% vs.
48.8%; Table S1 in the supplementary material).

Association of metabolic phenotypes with Cardiovascular
Outcomes

Over a median of 9.2-year [(IQR) 3.7-13.0] follow-up,
245 cardiovascular events occurred, 111 from the FLE-
MENGHO study and 134 from the Hortega study. Com-
pared with individuals with metabolically healthy normal
weight, individuals classified as metabolic unhealthy by
the new definition had an increased risk of cardiovascular
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Table 1 Baseline Characteristics of Participants Across Metabolic Phenotypes Classified by the New Definition
Characteristics MHNW MHOW MHO MUHNW Muow MUO
(n=617) (n=384) (n=117) (n=346) (n=558) (n=317)
Number with characteristic (%)
Female 299 (48.5) t 202 (52.6) 71(60.7) 184 (53.2) 269 (48.2) 136 (42.9) *
Current Smoking 182 (29.5) 105 (27.3) 25(214) 63(18.2) 78 (14.0) 31(98)*
Current alcohol assumption 400 (64.8) 263 (68.5) 66 (56.4) 217 (62.7) 334 (59.9) 177 (55.8)
History of CVD 6(1.0) 6(1.6) 2(1.7) 26 (7.5) 52(9.3) 20(6.3)
Diabetes mellitus 0(0.0) 0(0.0) 0(0.0) 16 (4.6) 58 (10.4) 42 (13.3) *
Hypertension 5(0.8) 13(34) 8(6.8) 237 (68.5) 138(24.7) 257 (81.1)*
Treatment of hypertension 0(0.0) t 0(0.0) 0(0.0) 109 (31.5) 217 (38.9) 155 (48.9) *
lipid-lowering drugs 15(24) t 23 (6.0) 9(7.7) 50 (14.5) 103 (18.5) 52 (164)*
Mean or median of characteristic
Age, years 39041287 456+13.7 4574140 572+165 60.7+£146 60.6+£13.7*%
Body mass index, kg/m2 2234181t 270+£14 326+26 229+1.7 274+14 3344+33*
Waist-to-hip ratio 0.81+0.07 + 0.88+0.08 0.90+0.08 0.86+0.07 0.91+0.08 0.94+0.09 *
Waist circumference, cm 778+80t 91.0+76 103.1+94 83.6+82 948+76 1066+9.8*
Hip circumference, cm 963456t 1039+46 1144+79 97.2+5.1 1042+63 113.5+84
Physical activity, kcal/day 13412 1499.6 1566.1 1463.3 1498.3 1484.6
(800.7-1954.3) (977.1-2085.8) (977.1-2103.9) (1082.9-2007.2) (1036.0-2036.3) (977.1-
2152.5)
Systolic blood pressure, mmHg 1144+89 1 117.8+84 1199+7.1 1420+£15.8 1429+16.5 14344162 *
Diastolic blood pressure, mmHg 73778t 769+76 804+6.5 82.7+10.0 8434102 864+92*
Total cholesterol, mmol/L 502+090 t 5414095 534+1.04 530+0.95 545+0.99 548+1.07
LDL-cholesterol, mmol/L 3.03+083 1 3.37+£0.86 340+£093 3.24+£0.85 340+0.89 3.38+£0.95
HDL-cholesterol, mmol/L 15740381 1.36+0.36 1.25+0.27 1.54+041 1.36+£0.34 1.30+0.32
Triglycerides, mmol/L 0.79(0.56-1.08)  1.15 1.31 0.95(0.70-1.39) 1.30(0.93-1.81) 1.50
(0.80-1.74) (0.95-1.84) (1.03-2.19)
Blood glucose, mmol/L 466 (433-5.00) 1 4.77 483 466 (433-5.00) 4.94 (461-5.28) 5.00
(4.44-5.05) (4.39-5.05) (4.61-5.50) *
Serum creatinine, mg/dL 0.80(0.70-0.92)  0.90 0.85 0.85(0.72-1.00) 0.92(0.80-1.04) 0.90
(0.76-1.00) (0.72-0.96) (0.75-1.02) *
eGFR, ml/min/1.73m? 102.3+£20.6 89.7+194 9214204 85.1+19.2 789+195 813+188*

Abbreviation: CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; MHNW, metabolically healthy normal weight; MHOW, metabolically healthy
overweight; MHO, metabolically healthy obesity; MUHNW, metabolically unhealthy normal weight; MUHOW, metabolically unhealthy overweight; MUHO,
metabolically unhealthy obesity. *P value <0.05 for the comparison between MHO and MUHO. tP value <0.05 for the comparison between MHO and MHNW.

events, irrespective of BMI category (Fig. 1; Table 2).
However, the adjusted risk of cardiovascular events for
participants with MHO was not significantly increased
(hazard ratio [HR]: 1.11; 95% CI: 0.36—3.45 after adjust-
ing for covariates and the cohort indicator; Table 2).
These associations were consistently observed in both
study participants (Table 2). Sensitivity analyses further
confirmed that MHO was not associated with cardiovas-
cular events, whereas the cardiovascular risk of partici-
pants with metabolic unhealthy status was significantly
increased independent of the BMI category (Table S2 in
the supplementary material).

With the MetS-based definition, an increased risk of
cardiovascular events was observed for individuals clas-
sified as metabolically unhealthy as well (Fig. 1). Of note,
individuals with metabolically healthy normal weight or
MHO classified by the MetS-based definition had higher
cardiovascular risk than those with same status classi-
fied by the new definition. The significant association

between metabolic unhealthy status and cardiovascular
events was observed in 2339 participants, independent
of their BMI category (Table 2). However, this associa-
tion was unable to be separately observed in the FLE-
MENGHO or Hortega cohort.

Metabolomic factors

A total of 44 metabolites were detected, covering lip-
ids, carbohydrates, amino acids, and organic acids, as
shown in Figure S4 in the supplementary material. There
were 38 metabolites that significantly differed in differ-
ent metabolic subgroups. There were 28 metabolites
significantly different between MHO and metabolically
healthy normal weight, as shown in Figure S5 in the sup-
plemental material. Compared MHO to metabolically
unhealthy obesity, 12 metabolites were significantly dif-
ferent. Further factor analysis constructed five compo-
nents that explained 73.2% of the variance in metabolites
(Table S3 in the supplementary material). The first factor
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Fig. 1 Cumulative Risk of Cardiovascular Events in Subgroups of Metabolic Healthy Status and Body Mass Index Category. Metabolic health was defined
by the new definition (A) and the prior definition based on the absence of metabolic syndromes (Mets definition, B). MHNW, metabolically healthy nor-
mal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUHNW, metabolically unhealthy normal weight; MUHOW,

metabolically unhealthy overweight; MUHO, metabolically unhealthy obesity

Table 2 Association between Metabolic Phenotypes and Cardiovascular Events

All (N=2339) Flemengho (N=1331) Hortega (N=1008)

HR (95% CI) * P HR (95% Cl) P HR (95% ClI) P
New definition
MHNW 1 (reference) 1 (reference) 1 (reference)
MHOW 1.22(0.57-2.62) 060 147 (042-510) 054 098(0.37-263) 097
MHO 1(036-345) 086 2.34(043-12.82) 033 0.65 (0.14-3.06) 058
MUHNW 3.30(1.73-6.28)  0.0003 3.18(1.06-9.51)  0.038 321(144-7.14) 0.004
MUHOW 2.50(1.34-4.66)  0.004 337(1.17-974)  0.025 1.76 (0.81-3.83)  0.151
MUHO 342(1.81-6.44)  0.0001 3.04(1.01-9.13)  0.047 3.39(1.56-7.37)  0.002
MetS-Based definition
MHNW 1 (reference) 1 (reference) 1 (reference)
MHOW 0.83(0.57-1.21) 034 1.25(0.69-225) 047 0.63(0.39-1.01)  0.055
MHO 1(069-1.77) 068 0.75(0.28-2.01)  0.56 1.17(067-2.02) 059
MUHNW 209(1.18-3.72)  0.012 2.06(0.92-458) 0.078 2.06(0.84-5.04) 0.12
MUHOW 1.57(1.04-2.37) 0.033 1.62 (0.89-2.96) 0.11 144 (0.79-263) 023
MUHO 1.83(1.21-2.79)  0.004 1.87(0.99-3.55)  0.055 1.74(0.99-3.05)  0.054

All HRs were adjusted for sex, age, total physical activity, smoking, and alcohol consumption. * HRs were additionally adjusted for the cohort indicator

Abbreviation: MHNW, metabolically healthy normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUHNW, metabolically
unhealthy normal weight; MUHOW, metabolically unhealthy overweight; MUHO, metabolically unhealthy obesity; HR, hazard ratio.

represented 2-aminobutyrate, 4-aminobutyrate, alanine,
acetate, branched-chain amino acids (valine, leucine, iso-
leucine), and -CH=CH, while the second factor mainly
consisted of glucose+glutamine, glucose+2-aminobu-
tyrate, glucose+2-phosphoglycerate, glucose, unknown
molecule, and glycine (Figure S6 in the supplementary
material). The correlation of clinically measured glucose
with factor 2 and glucose-related metabolites (glucose,
glucose+glutamine, etc.) varied from 0.01 to 0.37, as
shown in Figure S7 in the supplementary material. The
third factor summarized phenylalanine, glutamine, glu-
tamate, FA=CH-CH2-CH2=+citrate+aspartate, and the
fourth factor primarily comprised HDL3, tyrosine, and

valerate. The fifth factor contained valine, FA a-CH2, and
creatinine.

Survival analysis suggested that the second factor
mainly related to glucose metabolism showed a positive
association with cardiovascular events (HR: 1.24; 95% CI:
1.09-1.40; Table 3), whereas other factors did not (Table
S4 in the supplementary material). To examine whether
the association between MHO and cardiovascular events
was mediated by the metabolomics pattern, we estimated
the direct effect of MHO on cardiovascular events by
including the metabolomics pattern in the COX regres-
sion model with adjustment of sex, age, total physical
activity, smoking, alcohol consumption, and the cohort
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Table 3 Association between Metabolites and Cardiovascular Events
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All (N=2218) Flemengho (N=1331) Hortega (N=887)

HR (95% ClI) * P HR (95% ClI) P HR (95% ClI) P
Factor 2 1.22(1.10-1.36) 0.0002 1.20 (1.05-1.37) 0.006 1.37 (1.24-1.04) 0.017
Major represented metabolites
Glucose +glutamine 1.24 (1.09-1.40) 0.0007 1.23 (1.04-145) 0.016 145 (1.23-1.02) 0.031
Glucose + 2-aminobutyrate 1.20 (1.06-1.36) 0.004 1.12(0.94-1.33) 0.22 1.33(1.25-1.05) 0.013
Glucose +2-phosphoglycerate 1.19(1.06-1.35) 0.005 1.15(0.98-1.35) 0.079 1.35(1.24-1.02) 0.030
Glucose 1.20 (1.06-1.36) 0.004 1.12(0.93-1.34) 0.24 1.34 (1.23-1.04) 0018
Unknown molecule 1.24 (1.09-1.42) 0.001 1.22 (1.01-1.46) 0.035 146 (1.27-1.05) 0.012
Glycine 1.04 (0.92-1.18) 0.51 1.03 (0.86-1.24) 0.75 1.24(1.11-0.92) 027

HRs were calculated for per 1-unit Z score increment in metabolites and adjusted for sex, age, total physical activity, smoking, and alcohol consumption. * HRs were

additionally adjusted for the cohort indicator. HR, hazard ratio.

0.15 74
MHO vs. MHNW: P = 0.019
0_ 10 4MHO vs. MUHO: P = 0.91
(@
. 0.05-
=
% 0.00
L. —0.05+
—0.10-
—0.15-
MHINW MHbW MILIO MUI—IINW MUI—IIOW MUIHO

Fig. 2 Cardiovascular Risk-associated Metabolomic Factor in Subgroups of Metabolic Healthy Status and Body Mass Index Category. MHNW, metaboli-
cally healthy normal weight; MHOW, metabolically healthy overweight; MHO, metabolically healthy obesity; MUHNW, metabolically unhealthy normal
weight; MUHOW, metabolically unhealthy overweight; MUHO, metabolically unhealthy obesity

indicator. The association between MHO and cardiovas-
cular events remained insignificant (HR: 1.21 [0.38-3.81],
P=0.75), while the metabolic pattern was still associated
with an increased risk of cardiovascular events (HR: 1.25
[1.12-1.40], P<0.0001). The major metabolites in factor
2, including glucose+glutamine, glucose+2-aminobu-
tyrate, glucose+2-phosphoglycerate, and glucose, were
also associated with cardiovascular events. Individuals
classified as metabolic unhealth had higher scores of the
second factor, compared to those with metabolic health
(0.064 vs. -0.069, P<0.0001). However, the second factor
score in individuals with MHO was significantly higher
than the score in those with metabolically healthy normal

weight (0.175 vs. -0.057, P=0.019). For participants with
obesity, the second factor scores between metabolic
unhealth and health were comparable (0.175 vs. -0.080,
P=0.91, Fig. 2). This was also observed in the FLE-
MENGHO and Hortega study (Figure S8 in the supple-
mentary material).

Discussion

In this population-based prospective study, our find-
ings suggested that the new definition of metabolically
healthy obesity could be extended to stratify cardiovas-
cular risk for individuals with obesity. Individuals classi-
fied as MHO were not at increased risk of cardiovascular
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events, whereas those with metabolically unhealthy obe-
sity did present higher risk. In participants with metabo-
lomic profiling, we identified a circulating metabolomic
factor associated with cardiovascular events, indepen-
dent of cohort indicator, sex, age, current smoking, alco-
hol assumption, and physical activity. The metabolomic
factor mainly consisted of glucose, glutamine, phospho-
glycerate that were found to be individually associated
with cardiovascular events as well. The metabolomic
factor score was higher in individuals with metabolic
unhealth. However, individuals with obesity consistently
had higher proportion of the unfavorable metabolomic
factor than those with normal weight or overweight,
irrespective of metabolic healthy status. It is tempting
to speculate that the cardiovascular risk of people with
obesity can be stratified using the simple classification of
metabolic health. However, our metabolomic profiling
suggested that MHO classified by the new definition was
not completely healthy, in terms of more evident unfa-
vorable metabolic alterations in individuals with MHO
than those with metabolic healthy normal weight. Mean-
while, the unfavorable metabolic alterations underlying
the seemingly healthy phenotype of MHO could provide
insights into the heterogeneity of obesity.

To our knowledge, no recent studies have evaluated
whether the new definition can be extended from strati-
fying all-cause mortality and cardiovascular mortality to
the risk assessment of fatal and nonfatal cardiovascular
events, which may pave the way for achieving a uniform
definition of metabolic health. This improved the inter-
pretation of metabolic alterations and outcomes behind
different obesity phenotypes. As an alternative approach
to using the criteria for metabolic syndrome, Zembic et
al. resolved this issue by deriving a new definition accord-
ing to mortality risk and validating it in large cohorts [3].
The new definition of metabolic health was based on the
systematic investigation of anthropometric and meta-
bolic factors and their associations with all-cause mor-
tality and cardiovascular mortality [3]. Compared with
prior definitions based on the absence of MetS, the per-
formance of the new definition was the most robust [3].
We also observed more consistent association between
obese phenotypes and cardiovascular events for the new
definition. This new definition underscored waist-to-hip
ratio. Although both waist-to-hip ratio and waist circum-
ference are indicators of abdominal obesity, waist-to-hip
ratio is less correlated with BMI than waist circumfer-
ence and is more indicative of fat distribution. The lower
collinearity might explain why the addition of waist-to-
hip ratio to BMI was more likely to improve the C sta-
tistics and risk reclassification for cardiovascular diseases
and mortality than the addition of waist circumference
[22, 23]. More importantly, metabolic health may be a
transient status in people with obesity. The Whitehall
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II cohort study reported that around 50% of individu-
als who had healthy obesity at baseline converted to
unhealthy obesity after 20 years of follow-up [24]. In a
period of 5-10 years, 30-65% of people with MHO at
baseline converted to unhealthy status [5, 25, 26]. The
transient nature of metabolic health requires dynamic
evaluations to reasonably assess cardiovascular risk and
mortality. By including these easily obtained non-labora-
tory markers, this new definition can be feasibly imple-
mented in clinical settings and research.

The unfavorable metabolomic factor existed in some
individuals with MHO included metabolites associated
with glycogenesis and insulin regulations. Previous stud-
ies have shown that insulin resistance is an independent
risk factor for mortality, even in the absence of diabetes
[27]. Long-term exposure to metabolic disorders would
eventually increase the risk for mortality and cardio-
vascular diseases. This indicated that the phenotype of
MHO is not completely healthy and requires active inter-
vention, such as adopting healthy lifestyle. The metabo-
lomic factor associated with cardiovascular outcomes
provided molecular insights for metabolic alterations of
obesity that is relevant to future studies on mechanisms,
biomarkers, and potential treatment targets. Phospho-
glycerate is a glycolysis-related intermediate and is sug-
gested to be associated with an increased risk of heart
failure [28]. Consisting with previous studies, glutamine
is negatively associated with diabetes risk and was found
lower in participants with MHO in this study [29-31].
Other metabolites that significantly differed across meta-
bolic subgroups were reported to be associated with car-
diovascular risk, although they did not show independent
association in our study. Acetate, obtained either from
diets or produced by gut microbes based on indigest-
ible foods, can beneficially influence glucose hemostasis
and insulin sensitivity [32]. Valerate, a short chain fatty
acid, was elevated in individuals with unhealthy meta-
bolic status. Higher levels of valerate were observed to
be associated with an increased risk of cardiovascular
disease. Although the mechanism is not fully under-
stood, gut microbiota composition and diversity may link
the production of valerate to cardiovascular risk [33].
However, the evidence regarding this association is cur-
rently limited. Lactate, a waste of anaerobic metabolism
and exercising skeletal muscle, was found to be lower in
individuals with MHO compared to those with meta-
bolically unhealthy obesity, but it was relatively higher
than in those with metabolically healthy normal weight.
One possible explanation is that lactate levels may reflect
the status of aerobic metabolism and physical fitness.
Individuals with MHO seemed to have a higher level of
physical activity than those with metabolically unhealthy
obesity (1566 vs. 1484 kcal/day). Further study on direct
measurement of aerobic metabolism levels would be
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more informative. Leucine, a branched-chain amino acid,
can induce insulin secretion by stimulating pancreatic 3
cells, improve insulin signaling, and regulate glucagon-
like peptide-1 [34]. Elevated circulating leucine has been
repeatedly suggested to be associated with insulin resis-
tance and diabetes risk [29, 35-37]. We observed lower
leucine levels in individuals with MHO. Alanine is used
as a precursor for gluconeogenesis and induces glucagon
secretion, leading to hyperglycemia [38]. A meta-analysis
suggested that high alanine is associated with a higher
risk of diabetes [39]. However, the effects of alanine on
the complications of diabetes are complex, as circulating
alanine was found to be inversely associated with micro-
vascular disease in individuals with diabetes [40]. More-
over, increasing attention has been recently committed to
a metabolite, trimethylamine N-oxide, due to the associa-
tion with adverse cardiovascular outcomes [41]. Trimeth-
ylamine N-oxide is metabolized from trimethylamine,
generated by the gut bacteria from dietary precursors,
such as carnitine from red meat consumption. Despite
the experimental evidence and cross-sectional analysis, a
large prospective study failed to observe the association
between plasma trimethylamine N-oxide with diabetes
risk [42]. The trimethylamine levels were observed lower
in MHO but higher in metabolic unhealthy obesity. These
intangible metabolomic alterations might have pro-
foundly influence on the transition to unhealthy metabo-
lism and subsequently change long-term outcomes.
Previous studies in metabolomics have demonstrated
that individuals with MHO may exhibit undesirable alter-
ations in their metabolism, regardless of the discrepancy
between studies in the definition of MHO, the scope of
investigated metabolites, statistical methods, and the
clinical profiles of participants [6—9]. For instance, com-
pared to metabolically unhealthy obese individuals or
those with normal weight, people with MHO tend to have
an intermediated atherogenic lipoprotein profile charac-
terized by elevated levels of VLDL and LDL and reduced
levels of HDL [6]. Several case-control studies have also
reported similarities between the amino acid patterns
of MHO and metabolically unhealthy obesity, including
increased levels of alanine and leucine, compared with
metabolically healthy normal weight [7, 8]. However,
findings on the metabolomic differences between MHO
and metabolically unhealthy obesity have been incon-
sistent [7-9]. Nonetheless, other metabolomics studies
have illustrated the adverse impact of obesity on metabo-
lism and outcomes [43, 44]. A metabolomic study iden-
tified 49 metabolites that were associated with BMI and
contributed to cardiometabolic risks, including glucose,
branched-chain and aromatic amino acids, and phos-
pholipids [43]. A large multi-center study involving 7663
individuals used 108 metabolites to develop a metabolo-
mic pattern that could predict BMI and obesity and had
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prognostic value for type 2 diabetes and mortality [44].
The metabolites contributing to the predictive model
were mainly amino acids (such as glutamate, valerate,
leucine, glutamine, and valine) and nucleotides, provid-
ing insight into the heterogeneity of obesity [44]. Based
on the present study and the previous findings, combin-
ing metabolites and clinical criteria may benefit the char-
acterization of MHO and improve cardiovascular risk
stratification among individuals with obesity.

Strengths and limitations

The strengths of this present study included the prospec-
tive study design and relatively long-term follow-up, well-
characterized population-based cohorts from two Europe
centers, a large-scale investigation of metabolomics at
baseline to illustrate intangible metabolic alterations
underlying metabolic health phenotypes, and the inclu-
sion of covariates to eliminate the potential confound-
ing. This study has several limitations. First, the course of
metabolic health status was not thoroughly investigated
because the second classification did not perform due to
lack of necessary information, such as waist-to-hip ratios
during the follow-up. Second, the metabolomic profiling
focused on small metabolites and did not measure the
large metabolites, such as different fatty acids to reflect
oxidation and saturated structure. Moreover, the cov-
erage of metabolites was limited in terms of the entire
metabolomics of thousands of metabolites involved in
systematic metabolism [17]. There is a need for future
studies to use more comprehensive metabolomics
approaches to fully understand the complex interplay
between metabolism, MHO, and cardiovascular health.
Third, NMR spectroscopy can quantitatively capture a
comprehensive metabolomic pattern for blood samples.
The metabolites measured by NMR are highly correlated
with the results from clinical chemistry assays, and the
association of metabolites measured by different plat-
forms with disease outcomes was consistent [19]. How-
ever, the complexity of the samples, such as molecular
binding, and the concentration of metabolites can cause
overlapped signals [16, 17]. For example, the correlation
between the NMR-measured glucose and clinically mea-
sured glucose was 0.37. This observed discrepancy could
be due to several factors, including spectral crowding
and overlap causing multiple glucose signals to be mea-
sured as glucose and glucose-composited metabolites,
as well as variations in sample preparation and mea-
surement procedures. To validate the reproducibility of
metabolite identification and qualification, we applied a
high-field NMR spectrometry operating at field strengths
of 2600 MHz and used reference compounds and spec-
tral deconvolution. Additionally, we plan to perform
additional validation studies in future research, such
as high-resolution mass spectrometric techniques and
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developing advanced spectral fitting algorithms, to bet-
ter understand the source of variation and improve the
accuracy of NMR measurements. Last, new definition
was only validated in European populations, and caution
should be given when generalize to other populations.

Conclusions

Individuals classified as MHO seemingly are not at
increased cardiovascular risk in a time frame of 10 years.
However, the undesirable metabolomic changes associ-
ated with cardiovascular risk was more prominent in
individual with obesity, irrespective of metabolic health
status, suggesting that MHO may requires interventions
before the adverse outcome set in. Future experimental
studies and clinical trials are needed to improve the bio-
logical understanding of our findings and to prove the
translational benefits of metabolomic screening in other-
wise healthy obese individuals.

List of abbreviations

BMI Body mass index

Mets  Metabolic syndrome

MHO  Metabolically healthy obesity
NMR Nuclear magnetic resonance.

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/512933-023-01815-6.

[ Supplementary Material 1 ]

Acknowledgements
The authors acknowledge the clerical contribution of Renilde Wolfs.

Authors’ contributions

D.M. W. drafted the first version of the manuscript. All contributed to critical
revision of the manuscript. DMW., V.G.M, TV, RJ, T-PM, M-EJ.C, DM, and
Z-Y.Z. contributed to acquisition, analysis, or interpretation of data. D.M. W,
D.M. and Z-Y. Z, contributed to concept and design. V.G.M,, T-PM., and D.M.
provided technical support. D.M. and Z-Y. Z. obtained funding. D.MW., D.M
and Z.-Y. Z. are the guarantors of this work and, as such, had full access to all
the data in the study and take responsibility for the integrity of the data and
the accuracy of the data analysis.

Funding

The work was supported by Internal Funds KU Leuven (STG-18-00379),
the European Research Area Net for Cardiovascular Diseases (JTC2017-
046-PROACT), the Ministerio de Ciencia e Innovacién of Spain (PID2019-
108973RB-C21 and C22 and PCIN2017-117), the Generalitat Valenciana
of Spain (GV/2020/048), and GUTMOM (INTIMIC-085) from the EU Joint
Programming Initiative Healthy Diet Healthy Life (HDHL).

Data availability

The datasets analyzed during the current study are not publicly available due
to participants’ privacy protection but are available from the corresponding
authors on reasonable request.

Declarations

Ethics approval and consent to participate
The study protocol received approval from, and was executed in exact
accordance with, the ethical guidelines set forth by the University Clinical

Page 10 of 11

Research Ethics Board of University of Leuven and the UHRH Ethics Committee
in accordance with the Declaration of Helsinki for research involving human
participants. The written informed consent and assent were obtained from
participants prior to study participation.

Consent for publication
Not applicable.

Competing interests
None.

Author details

'Studies Coordinating Centre, Research Unit Hypertension and
Cardiovascular Epidemiology, Department of Cardiovascular Sciences, KU
Leuven, University of Leuven, Campus Sint Rafaél, Kapucijnenvoer 7, block
h, Box 7001, Leuven BE- 3000, Belgium

’Department of Physiology, Faculty of Medicine, University of Valencia,
Valencia, Spain

3Institute for Biomedical Research, Hospital Clinic of Valencia (INCLIVA),
Valencia, Spain

“Faculty of Medicine and Dentistry, University of Alberta, Edmonton,
Canada

>Division of Cardiology, University Hospitals Leuven, Leuven, Belgium
6Departmem of Cardiovascular Sciences, University of Leuven, Leuven,
Belgium

’Department of Preventive Medicine and Microbiology, Universidad
Auténoma de Madrid, Madrid, Spain

8Integrative Epidemiology Group, Department of Chronic Diseases
Epidemiology, National Center for Epidemiology, Carlos Il Health
Institute, Madrid, Spain

Department of Internal Medicine, Hospital Universitario Rio Hortega,
University of Valladolid, Valladolid, Spain

%Department of Pathology, University of Valencia, Valencia, Spain

Received: 4 February 2023 / Accepted: 27 March 2023
Published online: 07 April 2023

References

1. Stefan N, Haring HU, Hu FB, Schulze MB. Metabolically healthy obesity: epide-
miology, mechanisms, and clinical implications. Lancet Diabetes Endocrinol.
2013;1:152-62. https://doi.org/10.1016/52213-8587(13)70062-7.

2. Cuthbertson DJ, Wilding JPH. Metabolically healthy obesity: time for
a change of heart? Nat Rev Endocrinol. 2021;17:519-20. https://doi.
0rg/10.1038/s41574-021-00537-7.

3. Zembic A, Eckel N, Stefan N, Baudry J, Schulze MB. An empirically derived def-
inition of metabolically healthy obesity based on risk of Cardiovascular and
total mortality. JAMA Netw Open. 2021;4:€218505. https://doi.org/10.1001/
jamanetworkopen.2021.8505.

4. Eckel N, LiY, Kuxhaus O, Stefan N, Hu FB, Schulze MB. Transition from meta-
bolic healthy to unhealthy phenotypes and association with cardiovascular
disease risk across BMI categories in 90 257 women (the Nurses'Health
Study): 30 year follow-up from a prospective cohort study. Lancet Diabetes
Endocrinol. 2018;6:714-24. https://doi.org/10.1016/52213-8587(18)30137-2.

5. LinL, Zhang J, Jiang L, Du R, Hu C, Lu J, et al. Transition of metabolic
phenotypes and risk of subclinical atherosclerosis according to BMI: a
prospective study. Diabetologia. 2020;63:1312-23. https://doi.org/10.1007/
500125-020-05116-5.

6.  Telle-Hansen VH, Christensen JJ, Formo GA, Holven KB, Ulven SM. A compre-
hensive metabolic profiling of the metabolically healthy obesity phenotype.
Lipids Health Dis. 2020;19:90. https://doi.org/10.1186/512944-020-01273-z.
Bagheri M, Farzadfar F, Qi L, Yekaninejad MS, Chamari M, Zeleznik OA, et al.
Obesity-related metabolomic profiles and discrimination of metabolically
unhealthy obesity. J Proteome Res. 2018;17:1452-62. https://doi.org/10.1021/
acs.jproteome.7b00802.

8. Allam-Ndoul B, Guenard F, Garneau V, Cormier H, Barbier O, Perusse L et al.
Association between Metabolite Profiles, Metabolic Syndrome and Obesity
Status. Nutrients. 2016; 8. doi: https://doi.org/10.3390/nu8060324


http://dx.doi.org/10.1186/s12933-023-01815-6
http://dx.doi.org/10.1186/s12933-023-01815-6
http://dx.doi.org/10.1016/S2213-8587(13)70062-7
http://dx.doi.org/10.1038/s41574-021-00537-7
http://dx.doi.org/10.1038/s41574-021-00537-7
http://dx.doi.org/10.1001/jamanetworkopen.2021.8505
http://dx.doi.org/10.1001/jamanetworkopen.2021.8505
http://dx.doi.org/10.1016/S2213-8587(18)30137-2
http://dx.doi.org/10.1007/s00125-020-05116-5
http://dx.doi.org/10.1007/s00125-020-05116-5
http://dx.doi.org/10.1186/s12944-020-01273-z
http://dx.doi.org/10.1021/acs.jproteome.7b00802
http://dx.doi.org/10.1021/acs.jproteome.7b00802
http://dx.doi.org/10.3390/nu8060324

Wei et al. Cardiovascular Diabetology

20.

22.

23.

24,

25.

26.

27.

(2023) 22:82

Gao X, Zhang W, Wang Y, Pedram P, Cahill F, Zhai G, et al. Serum metabolic
biomarkers distinguish metabolically healthy peripherally obese from
unhealthy centrally obese individuals. Nutr Metab (Lond). 2016;13:33. https://
doi.org/10.1186/512986-016-0095-9.

Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, et al. Urinary proteome
and systolic blood pressure as predictors of 5-Year Cardiovascular and Cardiac
Outcomes in a General Population. Hypertension. 2015;66:52-60. https://doi.
0rg/10.1161/HYPERTENSIONAHA.115.05296.

Tellez-Plaza M, Briongos-Figuero L, Pichler G, Dominguez-Lucas A, Simal-
Blanco F, Mena-Martin FJ, et al. Cohort profile: the Hortega Study for the eval-
uation of non-traditional risk factors of cardiometabolic and other chronic
diseases in a general population from Spain. BMJ Open. 2019,9:¢024073.
https://doi.org/10.1136/bmjopen-2018-024073.

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,

the International Diabetes Federation Task Force on Epidemiology and
Prevention; National Heart, Lung, and Blood Institute; American Heart
Association. Harmonizing the metabolic syndrome: a joint interim state-
ment of. Circulation. 2009;120:1640-5. https://doi.org/10.1161/CIRCULA-
TIONAHA.109.192644. World Heart Federation; International Atherosclerosis
Society; and International Association for the Study of Obesity.

Mallol R, Amigo N, Rodriguez MA, Heras M, Vinaixa M, Plana N, et al. Liposcale:
a novel advanced lipoprotein test based on 2D diffusion-ordered TH NMR
spectroscopy. J Lipid Res. 2015;56:737-46. https://doi.org/10.1194/jlr.
D050120.

Zhang ZY, Marrachelli VG, Thijs L, Yang WY, Wei FF, Monleon D, et al. Diastolic
left ventricular function in relation to circulating metabolic biomarkers

in a General Population. J Am Heart Assoc. 2016;5:e002681. https://doi.
org/10.1161/JAHA.115.002681.

Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, et al. HMDB: the
human metabolome database. Nucleic Acids Res. 2007;35:D521-526. https://
doi.org/10.1093/nar/gkl923.

Dona AC, Coffey S, Figtree G. Translational and emerging clinical applications
of metabolomics in cardiovascular disease diagnosis and treatment. Eur J
Prev Cardiol. 2016;23:1578-89. https://doi.org/10.1177/2047487316645469.
Soininen P, Kangas AJ, Wurtz P, Suna T, Ala-Korpela M. Quantitative serum
nuclear magnetic resonance metabolomics in cardiovascular epidemiol-

ogy and genetics. Circ Cardiovasc Genet. 2015;8:192-206. https://doi.
0rg/10.1161/CIRCGENETICS.114.000216.

Zhang ZY, Marrachelli VG, Yang WY, Trenson S, Huang QF, Wei FF, et al.
Diastolic left ventricular function in relation to circulating metabolic biomark-
ers in a population study. Eur J Prev Cardiol. 2019;26:22-32. https://doi.
org/10.1177/2047487318797395.

Waurtz P, Kangas AJ, Soininen P, Lawlor DA, Davey Smith G, Ala-Korpela M.
Quantitative serum nuclear magnetic resonance metabolomics in large-
scale epidemiology: a primer on -Omic Technologies. Am J Epidemiol.
2017;186:1084-96. https://doi.org/10.1093/aje/kwx016.

Martens DS, Thijs L, Latosinska A, Trenson S, Siwy J, Zhang ZY, et al. Urinary
peptidomic profiles to address age-related disabilities: a prospective
population study. Lancet Healthy Longev. 2021,2:e690-e703. https://doi.
0rg/10.1016/52666-7568(21)00226-9.

Watkins MW. Exploratory factor analysis: a guide to best practice. J Black
Psychol. 2018;44:219-46. https://doi.org/10.1177/0095798418771807.
Pischon T, Boeing H, Hoffmann K, Bergmann M, Schulze MB, Overvad K, et al.
General and abdominal adiposity and risk of death in Europe. N Engl J Med.
2008;359:2105-20. https://doi.org/10.1056/NEJM0a0801891.

Emerging Risk Factors C, Wormser D, Kaptoge S, Di Angelantonio E, Wood
AM, Pennells L, et al. Separate and combined associations of body-mass
index and abdominal adiposity with cardiovascular disease: collaborative
analysis of 58 prospective studies. Lancet. 2011,377:1085-95. https://doi.
0rg/10.1016/50140-6736(11)60105-0.

Bell JA, Hamer M, Sabia S, Singh-Manoux A, Batty GD, Kivimaki M. The natural
course of healthy obesity over 20 years. J Am Coll Cardiol. 2015;65:101-2.
https://doi.org/10.1016/jjacc.2014.09.077.

Appleton SL, Seaborn CJ, Visvanathan R, Hill CL, Gill TK, Taylor AW, et al.
Diabetes and cardiovascular disease outcomes in the metabolically healthy
obese phenotype: a cohort study. Diabetes Care. 2013;36:2388-94. https://
doi.org/10.2337/dc12-1971.

Schulze MB. Metabolic health in normal-weight and obese individuals. Diabe-
tologia. 2019;62:558-66. https://doi.org/10.1007/s00125-018-4787-8.

Barr EL, Zimmet PZ, Welborn TA, Jolley D, Magliano DJ, Dunstan DW, et al. Risk
of cardiovascular and all-cause mortality in individuals with diabetes mellitus,
impaired fasting glucose, and impaired glucose tolerance: the australian

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 11 of 11

diabetes, obesity, and Lifestyle Study (AusDiab). Circulation. 2007;116:151-7.
https://doi.org/10.1161/CIRCULATIONAHA.106.685628.

Becerra-Tomas N, Ruiz-Canela M, Hernandez-Alonso P, Bullo M, Li J, Guasch-
Ferre M et al. Glycolysis Metabolites and Risk of Atrial Fibrillation and

Heart Failure in the PREDIMED Trial. Metabolites. 2021; 11. doi: https://doi.
0rg/10.3390/metabo 11050306

Tillin T, Hughes AD, Wang Q, Wurtz P, Ala-Korpela M, Sattar N, et al. Diabetes
risk and amino acid profiles: cross-sectional and prospective analyses of eth-
nicity, amino acids and diabetes in a south asian and european cohort from
the SABRE (Southall and Brent REvisited) Study. Diabetologia. 2015;58:968-79.
https://doi.org/10.1007/s00125-015-3517-8.

Bervoets L, Massa G, Guedens W, Reekmans G, Noben JP, Adriaensens P
|dentification of metabolic phenotypes in childhood obesity by (1)H NMR
metabolomics of blood plasma. Future Sci OA. 2018;4:FSO310. https://doi.
org/10.4155/fs0a-2017-0146.

Bragg F, Kartsonaki C, Guo Y, Holmes M, Du H, Yu C, et al. Circulating metabo-
lites and the development of type 2 diabetes in chinese adults. Diabetes
Care. 2022;45:477-80. https://doi.org/10.2337/dc21-1415.

Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in control of body
weight and insulin sensitivity. Nat Rev Endocrinol. 2015;11:577-91. https://
doi.org/10.1038/nrend0.2015.128.

Jadoon A, Mathew AV, Byun J, Gadegbeku CA, Gipson DS, Afshinnia F, et al.
Gut Microbial Product Predicts Cardiovascular risk in chronic kidney Disease
Patients. Am J Nephrol. 2018;48:269-77. https://doi.org/10.1159/000493862.
Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling
and insulin resistance. Nat Rev Endocrinol. 2014;10:723-36. https://doi.
0rg/10.1038/nrendo.2014.171.

Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabe E, et al. Metabo-
lite profiles and the risk of developing diabetes. Nat Med. 2011;17:448-53.
https://doi.org/10.1038/nm.2307.

Wurtz P, Soininen P, Kangas AJ, Ronnemaa T, Lehtimaki T, Kahonen M, et al.
Branched-chain and aromatic amino acids are predictors of insulin resistance
in young adults. Diabetes Care. 2013;36:648-55. https://doi.org/10.2337/
dc12-0895.

Ramzan I, Ardavani A, Vanweert F, Mellett A, Atherton PJ, Idris |. The Associa-
tion between Circulating Branched Chain Amino Acids and the Temporal Risk
of Developing Type 2 Diabetes Mellitus: A Systematic Review & Meta-Analy-
sis. Nutrients. 2022; 14. doi: https://doi.org/10.3390/nu14204411

Stancakova A, Civelek M, Saleem NK, Soininen P, Kangas AJ, Cederberg H, et
al. Hyperglycemia and a common variant of GCKR are associated with the
levels of eight amino acids in 9,369 finnish men. Diabetes. 2012;61:1895-902.
https://doi.org/10.2337/db11-1378.

Morze J, Wittenbecher C, Schwingshackl L, Danielewicz A, Rynkiewicz A,

Hu FB, et al. Metabolomics and type 2 diabetes risk: an updated systematic
review and Meta-analysis of prospective cohort studies. Diabetes Care.
2022;45:1013-24. https://doi.org/10.2337/dc21-1705.

Welsh P, Rankin N, Li Q, Mark PB, Wurtz P, Ala-Korpela M, et al. Circulating
amino acids and the risk of macrovascular, microvascular and mortality
outcomes in individuals with type 2 diabetes: results from the ADVANCE trial.
Diabetologia. 2018;61:1581-91. https://doi.org/10.1007/500125-018-4619-x.
Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al. Intestinal micro-
bial metabolism of phosphatidylcholine and cardiovascular risk. N Engl J
Med. 2013;368:1575-84. https://doi.org/10.1056/NEJMoa1109400.

Lemaitre RN, Jensen PN, Wang Z, Fretts AM, McKnight B, Nemet |, et al. Asso-
ciation of Trimethylamine N-Oxide and related metabolites in plasma and
incident type 2 diabetes: the Cardiovascular Health Study. JAMA Netw Open.
2021;4:2122844. https://doi.org/10.1001/jamanetworkopen.2021.22844.
Cirulli ET, Guo L, Leon Swisher C, Shah N, Huang L, Napier LA, et al.

Profound perturbation of the metabolome in obesity is Associated with
Health Risk. Cell Metab. 2019;29:488-500e482. https://doi.org/10.1016/j.
cmet.2018.09.022.

Ottosson F, Smith E, Ericson U, Brunkwall L, Orho-Melander M, Di Somma S,
et al. Metabolome-defined obesity and the risk of future type 2 diabetes and
mortality. Diabetes Care. 2022;45:1260-7. https://doi.org/10.2337/dc21-2402.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://dx.doi.org/10.1186/s12986-016-0095-9
http://dx.doi.org/10.1186/s12986-016-0095-9
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05296
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05296
http://dx.doi.org/10.1136/bmjopen-2018-024073
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192644
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192644
http://dx.doi.org/10.1194/jlr.D050120
http://dx.doi.org/10.1194/jlr.D050120
http://dx.doi.org/10.1161/JAHA.115.002681
http://dx.doi.org/10.1161/JAHA.115.002681
http://dx.doi.org/10.1093/nar/gkl923
http://dx.doi.org/10.1093/nar/gkl923
http://dx.doi.org/10.1177/2047487316645469
http://dx.doi.org/10.1161/CIRCGENETICS.114.000216
http://dx.doi.org/10.1161/CIRCGENETICS.114.000216
http://dx.doi.org/10.1177/2047487318797395
http://dx.doi.org/10.1177/2047487318797395
http://dx.doi.org/10.1093/aje/kwx016
http://dx.doi.org/10.1016/S2666-7568(21)00226-9
http://dx.doi.org/10.1016/S2666-7568(21)00226-9
http://dx.doi.org/10.1177/0095798418771807
http://dx.doi.org/10.1056/NEJMoa0801891
http://dx.doi.org/10.1016/S0140-6736(11)60105-0
http://dx.doi.org/10.1016/S0140-6736(11)60105-0
http://dx.doi.org/10.1016/j.jacc.2014.09.077
http://dx.doi.org/10.2337/dc12-1971
http://dx.doi.org/10.2337/dc12-1971
http://dx.doi.org/10.1007/s00125-018-4787-8
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.685628
http://dx.doi.org/10.3390/metabo11050306
http://dx.doi.org/10.3390/metabo11050306
http://dx.doi.org/10.1007/s00125-015-3517-8
http://dx.doi.org/10.4155/fsoa-2017-0146
http://dx.doi.org/10.4155/fsoa-2017-0146
http://dx.doi.org/10.2337/dc21-1415
http://dx.doi.org/10.1038/nrendo.2015.128
http://dx.doi.org/10.1038/nrendo.2015.128
http://dx.doi.org/10.1159/000493862
http://dx.doi.org/10.1038/nrendo.2014.171
http://dx.doi.org/10.1038/nrendo.2014.171
http://dx.doi.org/10.1038/nm.2307
http://dx.doi.org/10.2337/dc12-0895
http://dx.doi.org/10.2337/dc12-0895
http://dx.doi.org/10.3390/nu14204411
http://dx.doi.org/10.2337/db11-1378
http://dx.doi.org/10.2337/dc21-1705
http://dx.doi.org/10.1007/s00125-018-4619-x
http://dx.doi.org/10.1056/NEJMoa1109400
http://dx.doi.org/10.1001/jamanetworkopen.2021.22844
http://dx.doi.org/10.1016/j.cmet.2018.09.022
http://dx.doi.org/10.1016/j.cmet.2018.09.022
http://dx.doi.org/10.2337/dc21-2402

	﻿Cardiovascular risk of metabolically healthy obesity in two european populations: Prevention potential from a metabolomic study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study participants
	﻿Classifications of metabolic health and obesity
	﻿Metabolomic profiling
	﻿Assessments of Cardiovascular Outcomes
	﻿Other measurements
	﻿Statistical analyses

	﻿Results
	﻿Participant characteristics
	﻿Association of metabolic phenotypes with Cardiovascular Outcomes
	﻿Metabolomic factors

	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusions
	﻿References


